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Abstract 
 
This paper focuses on the design of an innovative air-conditioning system, 
namely a magnetocaloric air-conditioner for an electric minibus. An integrated design 
of the complete system is necessary, as the hot and cold side of the regenerator will 
work under dynamic conditions which depend on the instantaneous thermal load in 
the cabin. 
In order to assist the design of the system, a dynamic model has been 
developed for the cabin, the hydraulic loops and heat exchangers, and the 
magnetocaloric unit. This paper presents (i) a description of the dynamic models, (ii) 
an analysis of the operating conditions of the magnetocaloric unit and (iii) a 
discussion on the design of the magnetocaloric air-conditioner. The results show that 
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the electric minibus requests 1.60 kW of cooling power over a span of 37 K in cooling 
mode, and 3.39 kW of heating power over a span of 40K.  
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NOMENCLATURE 
Acronyms Greek symbols 
AMR Active magnetic regenerator ΔTspan Temperature span (K) 
COP Coefficient of performance (-) ε Effectiveness (-) 
HTF Heat transfer fluid μ0 Vacuum magnetic 
permeability (VsA-1m-1) 
MCE Magnetocaloric effect   
MCM Magnetocaloric material Subscripts 
MHP Magnetic heat pump  air Air 
NTU Number of heat transfer units (-) amb Ambient 
AC           Air-conditioning cold Cold side 
 driv Driver 
Symbols e External  
A Area (m2) EL External loop 
B Induction (T) hot Hot side 
cp Specific heat (J kg-1 K-1) i Internal 
H Magnetic field (Am-1) IL Internal loop 
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h Specific enthalpy (J kg-1) in Inlet 
I Solar irradiation (W m-2) mag Magnetic 
 Mass flow rate (kg s
-1) pass Passengers 
Q  Thermal power (W) s Supply 
RH Relative humidity (%) sat Saturated 
T Temperature (ºC) visco Viscosity 
U Global heat transfer coefficient 
(W m-2 K-1) 
  
u Heat transfer fluid speed (m s-1)   
v Vehicle speed (m s-1)   
W  Power (W)   
 
 
1. INTRODUCTION 
 
During the last decade, many experimental prototypes of magnetic refrigerators 
at room temperature have been developed with different configurations and operating 
conditions. A review of these machines was presented by Yu et al. (2010) and more 
recent advances can be found in publications from Tura and Rowe (2011), 
Engelbrecht et al. (2012), Tušek et al. (2013) and Jacobs et al. (2012). Research is 
currently focusing on improving the performance of such devices in order to make 
them competitive with conventional vapour-compression chillers. Most of the reported 
magnetic refrigerators are laboratory prototypes which are under development to 
increase both the thermal power and temperature span in order to fullfill the 
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requirements of industrial applications. Nevertheless, very few of these prototypes 
have been designed for a practical application (Jacobs et al., 2012).   
An interesting market-application of this technology is the air-conditioning (AC) 
in automobiles. The AC presents the highest power consumption of the auxiliary 
components of a vehicle, especially in electric cars, in which there is practically no 
waste heat available. In fact, if a reversible vapour-compression heat pump is used, 
the autonomy of the vehicle can be shortened by 10% in winter and by 15% in 
summer with respect to a vehicle with no climate control, under typical weather 
conditions (Clodic et al., 2011). In theory, magnetic cooling and heating technology is 
more efficient (Yu et al., 2010), thus it can potentially reduce the energy consumption 
of the AC and hereby increase the vehicle autonomy.  
However, this application is very challenging given the actual state-of-the-art. 
Installed thermal power in vehicles for AC ranges from 3 to 5 kW of cooling power 
and from 5 to 10 kW of heating power. Typical working temperatures in summer can 
be 5 ºC at the cold side and 50 ºC at the hot side. In winter they can drop down to -10 
ºC and 40 ºC respectively. Thus, a span of around 60 K must be covered. Other 
important requirements for this target application in the vehicle industry include 
safety, minimum weight and limited power consumption. 
Up to date, no prototype has reached such performances. Moreover, only few 
authors deal with high-power devices. One notable exception is the work by Jacobs 
et al. (2012), who reported a layered regenerator which delivered 2049 W of cooling 
power at zero span and a peak performance of 1704 W over a span of 11.1 K with a 
COP of 2.24. Another example can be found in recent work from Engelbrecht et al. 
(2012), who built a prototype which worked with gadolinium and achieved 1010 W of 
cooling power at zero span and a maximum span of 25 K with no load. These recent 
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results indicate that the performance is continuously improving. Current systems are 
still below the requirements for automotive applications but it is feasible to reach the 
required power on a mid-term, by means of an integrated design of the whole 
system. 
The European project ICE aims to demonstrate the feasibility of magnetic heat 
pumps for the AC of an electric minibus (ICE, 2013). This paper focuses on the first 
steps of the design of this innovative system which is mainly constrained by the 
volume, weight, the thermal demand and the working temperatures. The latter are 
key points in the design of a magnetic heat pump (MHP) or magnetic refrigerator 
(MR) (Tura and Rowe, 2011). Hence, it is essential to size the system properly and 
predict the effect of variable conditions on the external loops of the regenerator. This 
paper presents novel results in the overall approach which is followed, by means of a 
model of the complete vehicle as well as the AMR. Although this industrial application 
in the automotive industry requires a specific design, the same modelling approach 
can also be applied for the AC of spaces with other thermal loads. 
 
 
2. SYSTEM MODELLING 
 
An overall model of the magnetic AC system of the electric minibus has been 
developed in order to assist its design and optimize its performance. This system 
contains two MHPs, one at the front of the vehicle (driver’s region) and other at the 
rear (passengers’ region). Given the state-of-the-art of magnetic refrigeration, and as 
discussed in the introduction, it seems more feasible to reach the required thermal 
powers for the vehicle if two MHPs are installed rather than only one. This approach 
  6 
also enables to reach different thermal comfort conditions, one in the driver region 
and one in the rear depending on the occupation of the vehicle.  
The MHPs provide cooling or heating power to the minibus’ cabin by means of 
the internal hydraulic loops, and reject or extract heat from the environment through 
the radiator of the vehicle. The system is electronically controlled to reach and 
maintain comfort conditions (T and RH) inside the cabin. A layout of the system with 
the main variables that determine its operation is shown in Fig. 1. 
The overall model consists of physical-based dynamic models of every 
component, essentially a thermal model of the cabin, the MHPs and the thermal 
power distribution loops. These components are linked through the return and supply 
air and water flows, and interact under dynamic conditions imposed by the external 
environment and the control settings. In the next paragraphs, the models of each 
component are described. 
  
2.1. Cabin 
 
The cabin model (Torregrosa-Jaime, 2011; Torregrosa-Jaime et al., 2011) 
simulates the thermal behaviour of the minibus’ cabin, which is the space that must 
be air-conditioned by the MHPs. The model is zero-dimensional, so it calculates the 
mean temperature and relative humidity inside the vehicle for both the driver and the 
passenger region. Taking into account that this model is coupled to others in order to 
simulate the whole system, this approach allows reaching a compromise between a 
low computation time and a reasonable accuracy (Gado, 2006). 
One of the novelties of this cabin model is that it is divided into two thermal 
zones. Since there are two MHPs, one at the passenger’s region and other at the 
  7 
driver’s region, it is convenient to distinguish between the temperatures in each zone. 
Moreover, as the occupation of the vehicle is very variable, this helps to create 
different comfort control criteria depending on the occupation of the passenger 
region. For each thermal zone, the model considers the thermal loads due to 
occupation, ventilation, auxiliaries and solar irradiance. It also takes into account the 
air circulation between zones.  
The model is based on differential equations which represent energy and mass 
balances (Torregrosa-Jaime, 2011). The heat transfer mechanisms are modelled 
using the conductance method including the thermal inertia of the masses (cabin air, 
car body and internal masses such as seats and curtains). This approach can also be 
applied for other AC applications provided that there is experimental data available 
because the models have to be fully validated first, given the simplifications which are 
necessary to develop a zero-dimensional model. In this case, the parameters were 
calculated given the dimensions and characteristics of the vehicle which is a DAILY 
ELECTRIC minibus from IVECO-ALTRA. The model has been recently validated with 
an experimental warm-up and cool-down test (Torregrosa-Jaime et al., 2013a).  
 
2.2. Hydraulic loops and heat exchangers 
 
The hydraulic loops and the heat exchangers ensure the heat transfer in each 
side of the heat pump, as shown in Fig. 2. The heat transfer fluid is a 50% ethylene-
glycol solution. The external loop includes the radiator, which interacts with the 
external environment. The internal loop contains the air-coolers, which warm up or 
cool down the air inside the cabin of the vehicle depending on the season. 
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The model of the loops determines the supply and return temperatures of the 
MHP by means of energy balances. The inertia and heat losses in the pipes have 
been considered. The thermal power of each heat exchanger is calculated by means 
of the effectiveness method (Eq. (1)), considering that air is the fluid with the 
minimum heat capacity. The enthalpy has been used instead of the temperature in 
order to take into account both latent and sensible changes in the air side.  
 
 )( ,, insatinairair hhmQ     (1) 
 
For designing purposes, a model of the heat exchanger based on the global 
heat transfer coefficient is more convenient than one based just on the effectiveness. 
In fact, using the first approach, the modelled heat exchanger can be scaled up and 
down and therefore its performance can be optimized. Considering the geometry of 
the heat exchangers in the minibus, which are mini-channel heat exchangers, the 
global heat transfer coefficient (U) can be related to the effectiveness (ε) with Eq. (2) 
(ESDU 86018, 1991), Eq. (3) and Eq. (4). 
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The effectiveness of a heat exchanger depends on its characteristics and on the 
temperatures and mass flow rates of the two fluids. Thus, experimental data is 
required to calculate the effectiveness. The experimental data was obtained from a 
series of tests on the radiator of the minibus (Torregrosa-Jaime et al., 2011). It should 
be noted that this modelling approach is applicable to any heat exchanger provided 
that the corresponding relation between ε and NTU is given.  
 
2.3. Magnetic heat pump 
 
The principle of an Active Magnetic Regenerator (AMR) has been applied to 
design the MHP in order to reach the requirements in terms of thermal power and 
temperature span described in section 3. The AMR consists of a magnetocaloric 
material (MCM) matrix crossed by a coolant. Thus the reciprocating motion of the 
fluid in synchrony with the magnetic field change creates a thermal gradient in the 
matrix that can be used to exchange heat between the cold and hot ends. This 
thermal gradient allows reaching temperature spans which are several orders of 
magnitude higher than the adiabatic temperature change of the material (Barclay and 
Steyert, 1982). 
A recent and extensive literature review on AMR numerical models is given by 
Nielsen et al. (2011). Some one-dimensional (1D) models allow obtaining a global 
and reliable overview of the system behaviour (Tagliafico et al., 2010; Vuarnoz and 
Kawanami, 2012). Engelbrecht and Bahl (2010) have also studied the effect of 
different magnetocaloric properties on the performance of a system by means of a 
1D model. The numerical model used for the design of the present work has been 
recently described by Risser et al. (2010, 2013). Two key aspects in the design of an 
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optimal AMR for this application are the frequency and the quantity of fluid passing 
through the AMR at each cycle.  
The modelled AMR is based on magnetocaloric alloys whose Curie temperature 
is adapted for the requirements of this particular application. Indeed the Curie 
temperature of MCMs can be modified by tuning the proportion of additive elements 
in order to increase the efficiency and the temperature span of multi-material AMR 
(Richard et al., 2004). This approach can significantly improve the efficiency of the 
MHP compared to non-layered AMR (Egolf et al., 2012). 
The selected materials for the simulations are in this study gadolinium-based 
alloys because they are the ones which have been characterized in more detail up to 
date, and they can be consequently simulated with more precision. The pure 
gadolinium magnetocaloric effect (MCE) is nevertheless sensibly weaker than 
magnetocaloric materials with a giant MCE such as for instance the MCM 
Gd5(Si2Ge2) (Pecharsky and Gschneidner, 1997). Thus, the reachable performance 
is expected to increase within the next years with the recent advances on materials 
with a bigger MCE.  
The MCM properties have been obtained as described in recent literature 
(Risser et al., 2012). The simulated MCMs are Gd-Tb alloys whose Curie 
temperature depends on the amount of Tb added to the Gd. 
The AMR matrix is composed of parallel plates as shown in the reference 
scheme of Fig. 3. The regenerator is composed of a stack of plates which contain the 
MCM and have a thickness of around 0.4-0.6 mm and they are placed parallel to the 
magnetic field. The plates have a typical spacing of 0.1-0.2 mm to ensure the 
circulation of the heat transfer fluid back and forth from the hot end to the cold end or 
vice versa. Such stacks can have a typical overall dimension of around 10 * 40 * 100 
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mm. The coolant is a mixture of water and glycol (30% volume). At each side of the 
AMR there is a heat exchanger which transfers heat to the hydraulic loops of the AC 
system.   
The synchrony and the form of the applied varying magnetic field and of the 
fluid motion are selected to correspond with a rotating magnetocaloric system. This 
configuration is taken as reference for the future industrial MHP of Cooltech 
Applications (2013) because it seems to be the most efficient solution from both a 
technical and economical point of view (Kitanovski et al., 2012).  
A magnetic field of 1.2 T is applied to AMR and is supposed to be uniform in 
space. This field value corresponds to reachable values with the currently available 
NeFeB permanent magnets used in industrial applications. The internal field (Hi) and 
the induction (B) in the MCM caused by the applied field (He) are calculated by 
means of a 3D model (Risser et al., 2013). Therefore, the demagnetizing field and 
the temperature distribution are taken into account when calculating the MCE. Fig. 4 
shows some typical simulation results of the latter model. The results are completely 
dynamic and consequently, only the highest field values have been represented for 
the phase which includes heat transfer from the cold to the hot end of the 
regenerator. As may be inferred from Fig. 4, the internal field and the induction in the 
MCM are not uniform. Moreover, there are significant spatial differences along the 
regenerator and hereby the importance of working with a proper model which 
accounts for all of these aspects. 
 
 
3. RESULTS AND DISCUSSION 
3.1. Sizing the MHP 
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Once the main characteristics of the MHP have been outlined, the first step in 
the design process of a practical MHP is determining the composition of the AMR, in 
other words, the mass and Curie temperatures of the MCMs. To do so, the target 
cooling and heating powers as well as the working temperatures must be analysed.  
Simulations of the cabin model were performed to calculate the thermal load 
inside the minibus in the ICE project design conditions for both summer and winter. 
Two working modes have been considered for each season. One is the steady-state 
with an average occupancy and the other is a pre-conditioning before start-up. The 
results are summarized in Table 1. The design conditions set are not particularly 
severe, since the system is intended to be a demonstrator and the technology is still 
under development. This is the reason why the maximum thermal power 
requirements are relatively low. 
As inferred from Table 1, the thermal load is unevenly distributed between the 
driver’s and the passengers’ regions. However, it is convenient to divide the total 
thermal power between the two MHPs. The simulations have shown that thermal 
comfort conditions can be achieved if half of the total load for a given working mode 
is overcome in each zone. In fact, inside the minibus there is not any physical barrier 
between the driver and passenger region, hereby the air can circulate freely. Since 
the most demanding working mode is the warm-up of the cabin during the pre-
conditioning in winter, each MHP will be sized to overcome half of the total load 
(1520 W). The heat exchangers have been sized accordingly as well.   
The temperatures which are reached in the receivers of the MHP are another 
key aspect to design the device, since they determine the selection of the MCMs. 
They are related to the supply and return temperatures to the MHP, which depend in 
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turn on the design conditions and on the COP. The design process is iterative, since 
the COP of the MHP depends also on the working temperatures.  
During the start-up of the system, the temperatures vary until the steady-state is 
reached. A preliminary simulation of the dynamics of the hydraulic system can help 
estimate the maximum temperature span. In a first iteration, since the COP of the 
MHP is unknown, the COP of a conventional heat pump has been taken as a 
reference. The goal of the project is to develop a system that can potentially replace 
a vapour-compression heat pump, so the MHP should reach at least a similar 
efficiency. Since the COP varies depending on the instantaneous return and supply 
temperatures, a conventional water-to-water heat pump model, adapted from recent 
work (Corberán et al., 2011) has been placed in the overall model in order to obtain 
the working temperatures.  
The fluid mass flow rates in the hydraulic loops were calculated to achieve a 
typical maximum difference of 5K between the return and the supply of the heat 
pump at steady-state conditions. Table 2 contains the corresponding values and a 
summary of the equilibrium temperatures.  
The next figures show the dynamics of the AC system with the conventional 
heat pump. They are useful as a baseline to understand the dynamics of the system 
and design the MHP system.  
Fig. 5 shows the equilibrium temperatures during the warm-up of the cabin in 
winter, as well as the total thermal power and the COP. Thermal comfort is reached 
after 45 minutes, as shown by the line that represents the temperature of the cabin in 
the driver zone. At this point, the conventional heat pump works with a COP of 2.2. 
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In winter it is not necessary to dehumidify the air for comfort purposes. 
Nevertheless, the electric defogger on the windshield ensures that no fog appears on 
the inner part of the windshield.   
Summer conditions are less demanding and hence the conventional heat pump 
presents a higher performance than the minimum requirements. In Fig. 6 it can be 
observed that the summer comfort goal with the conventional heat pump is reached 
in five minutes assuming a full occupation of the cabin (16 passengers plus the 
driver). Once the target temperature has been reached, the compressor cycles on 
and off in order to keep the temperature at the desired comfort level. At this point, the 
COP of the heat pump is 2.8. The temperatures in the hydraulic loops and the total 
thermal power and COP during the cool-down are also represented. 
In summer, the relative humidity inside the cabin can be controlled by further 
cooling the air in order to dehumidify it, and then reheating up to the desired 
temperature. Thus, the MHP would be controlled to cool the air down until the 
requested humidity is reached, and then the air would be reheated using the waste 
heat from the system. Although 50% RH was set as the comfort target in the ICE 
project (Table 1), acceptable summer conditions range from 25% to 65% RH 
(ASHRAE, 2005). Since the RH is kept within this range in the simulations (Fig. 6), 
this issue has not been addressed in this preliminary sizing. 
 
 
3.2. Design of the MHP 
 
The design of the MHP as an iterative process enables the selection of the 
appropriate length of the AMR, the Curie temperatures positioning of the materials 
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and the driving parameters. As explained in section 3, the maximum temperature 
span is obtained for the thermal gradient sized with the highest requirements for the 
device. The modelled MHP consists of a multi-material single stage system which 
leads to a possible drop in efficiency when the operating conditions are at a lower 
power level or at a lower temperature span than the maximum requirements. One 
possible option could even be to split the device into several independent stages to 
tune with a better ability the performance according to the operating conditions. Eight 
different MCMs with Curie temperatures have been selected following the method 
explained recently by the authors (Risser et al., 2013). This approach is based on 
rebuilding the magnetic, magnetocaloric and calorimetric data by means of an 
inverse approach in order to reach a good agreement with experimental data and at 
the same time ensure the conservation of the energy in the numerical model. The 
MCMs are distributed at regular intervals to cover the maximum span from about -6 
°C to 46 °C, as indicated in Table 2. More specifically, the stacks are composed of 
Gd-Tb alloys with the following Curie temperatures: 2, 7, 12, 17, 22, 27, 32, and 37 
°C. The data are obtained on the basis of pure gadolinium data shifted in 
temperature and in amplitude through the process of reconstruction presented by 
Risser et al. (2012). 
Fig. 7 represents the mean speed of the heat transfer fluid which flows along 
the channels of the regenerator. The evolution of the mean internal magnetic field is 
also shown (0*Hi [T]). The system consists of a rotary device with a fluid and 
magnetic synchronisation which has been optimised for this target application in the 
vehicle industry. Table 3 presents a summary of the parameters which have been 
selected in the simulations. The parameters refer basically to the geometry of the 
regenerator and to the operating frequency (1.42 Hz), which have been selected 
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according to previous results described by Risser et al. (2013). In principle, the 
motion of the vehicle does not interfere the motion of the MHP, since in electric cars 
the AC system is powered by an independent electric motor, on the contrary to 
conventional thermal vehicles.  
Fig. 8 shows the prediction of the cold thermal power pumped at the cold side 
and the hot thermal power provided by the MHP, both as a function of the output 
temperature span (ΔTspan) centred on the comfort temperature of 20ºC. The exergetic 
consumption includes the magnetic work and the viscous dissipation. It must be 
noted that these results correspond to the use of gadolinium-based materials, since 
they are the ones whose characteristics have been measured precisely enough up-
to-date for modelling purposes. However, the power density obtained with this kind of 
alloys is lower than with other materials like the ones tested, for instance, in very 
recent prototypes (Jacobs et al., 2012). Therefore, there is a strong potential 
improvement which can be achieved by replacing Gd alloys with other 
magnetocaloric materials presenting better cooling capacities. 
In Fig. 9 the COP and the ratio of COP on Carnot COP are represented, both as 
a function of the output temperature span (ΔTspan) for the same conditions as Fig. 8. 
The optimal operating point for the efficiency does not correspond to the best power 
density operation point. Thus there is a trade-off depending on the available space in 
the vehicle. 
Two important constraints in the automotive sector are the weight and cost of 
any new technologies. On the one hand, any additional weight increases the fuel 
consumption, and this is not negligible given the actual primary energy costs. The 
maximum overweight that could be accepted for this system compared with a 
conventional one would be of around +20 kg (Di Sciullo, 2011; Torregrosa-Jaime et 
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al., 2013b). Magnets represent a large part of the weight of a MHP, and thus its 
design must be carefully optimised for automotive applications. Nevertheless, when 
simulating the AMR in order to size the MHP, a valid approach is to consider the 
applied magnetic field to be uniform in space and to calculate the demagnetizing field 
within the MCM. The specific design of the magnet will be addressed in a further 
stage of the design.   
On the other hand, costs are also a key issue for any industrial application. In 
the case of AC systems for vehicles, the costs of standard heat pumps depend on 
their size and quality and range between 1.5 and 2.5 k€ for a production of 10000 
pieces per year. Within the ICE project, the developed MHPs should be able to reach 
similar costs (Di Sciullo, 2011; Torregrosa-Jaime et al., 2013b). 
 
 
4. CONCLUSIONS 
 
This paper presents the first steps in the design of a reversible magnetic heat 
pump for the automotive industry. An overall model of a minibus has been developed, 
including a thermal model of the cabin, hydraulic loops, distribution system and the 
heat pump. The modelling approach can be applied to other AC systems provided 
that there is sufficient experimental data to build and validate the models. In the case 
of the minibus, the results show that a temperature span of 37 K and 40 K has to be 
overcome in summer and winter, with thermal powers of 1.60 kW and 3.39 kW 
respectively. The simulation results indicate that the required temperature span can 
be reached with Gd-Tb alloys with the Curie temperatures in the range from  2 to 37 
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°C. Nevertheless, the performance is expected to be higher when using new 
magnetocaloric materials. 
This overall approach has helped to pre-design the magnetic heat pump for an 
electric minibus. Currently, Cooltech Applications is assembling the first prototype for 
the vehicle based on the operating conditions defined in the present work. More 
experimental and modelling results are expected to be published soon. 
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